Results of a numerical simulation of deep penetration welding of 304 stainless steel are presented. This numerical model calculates the temperature and fluid velocity fields in a three-dimensional workpiece undergoing deep-penetration electron beam welding. The deposition of power from the beam and energy outflow at the model-system boundaries is effected by means of time-dependent boundary conditions on the equations of energy and momentum transfer. The vapor-liquid interface defining the keyhole is represented by a surface whose temperature is that of vaporization for the steel. On this surface, are specified boundary conditions for the momentum transfer equations such that the component of the velocity normal to the keyhole vapor-liquid interface is zero. In addition, this study introduces two new numerical procedures. These procedures are based on the inclusion of experimental information concerning beam spot size and weld pool geometry into the model system via constraints and the deduction of effective keyhole shape via an inverse mapping scheme.
Introduction
ANOTHER report (Ref l) introduced a numerical model for calculating structures that can occur in deep penetration welding processes, i.e., laser or electron beam. That report describes the general features of this numerical model, i.e., the underlying physical model and the associated numerical methods. In addition Ref 1 gives a qualitative case study of the general influence of keyhole stirring on the melt pool and a general outline of those features of this model permitting its extension to relatively more quantitative analysis. This report describes the calculation of weld pool structures for deep penetration welding of 304 stainless steel. The physical approximations employed in this particular case study result from adopting the physical properties of 304 stainless steel as a function of temperature and from adjusting this model to include experimental information resulting from an analysis of specific cases of electron beam welding of 304 stainless steel. The Boussinesq approximation (Ref 2,3) is applied to the system of transport equations underlying this numerical model. This follows because a representation of the physical properties via a functional dependence on temperature implies certain specific assumptions regarding the timescale for local equilibration between fluid volume elements.
The modeling of deep penetration welding processes differs from the modeling of other welding processes in that the overall process consists of processes occurring at different temperatures within a range of temperatures between room temperature S.G. Lambrakos and E.A. Metzbower, Code 6324, Materials Science and Technology Division, Naval Research Laboratory, Washington, DC 20375-5000, USA; J. Milewski, G. Lewis, R. Dixon, and D. Korzekwa, MST-6, Los Alamos National Laboratory, Los Alamos, NM 87545 USA and the temperature of vaporization, T G. In principle, this range of temperatures can even be extended above T G if one includes processes occurring inside the keyhole where temperatures above T G can occur. From the standpoint of numerical modeling, this implies that the problem has several aspects.
First, with respect to numerical methods for solving differential equations, the coupling between regimes defined by processes whose characteristic timescales are different means that the system is not only stiff but that stiffness can occur at different regions of the overall system. Second, the physical character of the transport, both of energy and of momentum, is not the same for all the different regions making up the overall system. The upstream influence on structures increases with the degree of proximity to the keyhole.
Third, there are regions within the system at which either exothermic or endothermic reactions occur. These regions could be characterized by inherently unsteady or fine-scale structures. How to accurately represent the average influence of these structures in a steady-state sense poses an additional problem.
Reference 1 presents simulations for the purpose of a general qualitative analysis of structures occurring in deep penetration welding. This study represents a first stage toward effecting a quantitative analysis of deep penetration welding structures in a specific system, i.e., 304 stainless steel, for the eventual purpose of quantitative prediction of thermal histories of elements within the workpiece. In light of the goal of quantitative prediction, a model that combines processes occurring within the keyhole with diffusive and convective energy transfer in the liquid and solid, although feasible, is not optimal with respect to convenience or efficiency. This observation is completely natural because the characteristic timescales of structures in the neighborhood of the keyhole vapor-liquid boundary and of structures in the neighborhood of the liquid-solid boundary are sufficiently dissimilar to necessitate a partitioning of the problem. The dynamics of keyhole stability, development, and geometry are therefore a separate problem whose results can be hess in this development, however, some of those features are reviewed. The model system to be specified is that of unsteady energy and momentum transport in a coordinate system that is fixed in the reference frame of a moving electron beam energy source. Figure 1 shows a schematic of the model system. The boundaries of the model system are defined, at each timestep, by the sides of a finite-sized rectangular segment, whose physical edges are far from the beam spot, and by the temperature of vaporization isotherm, which defines the boundary of the keyhole.
The system is assumed to be symmetric about the xz-face at y ---0 (see Fig. 1) ; thus, only one half the system is modeled. The equations governing the model system are: 
o(T)Cp(T)
input into a model of the liquid-solid domain as either boundary conditions or constraints on the system equations. Therefore this study also represents a first step toward a partitioning of the overall problem into separate problems that can be interfaced. In addition to presenting a case study simulation of deep penetration welding of 304 stainless steel, this study introduces two new approaches, which are general and should contribute significantly to effecting a quantitative analysis of deep penetration welding structures. These approaches are based on the inclusion of experimental information concerning keyhole and weld pool geometry into the model system via constraints and the deduction of "effective" keyhole shape via an inverse mapping procedure. The procedure for imposing constraints has an added feature that it tends to compensate for either the unavailability of materials properties (see discussion in Ref4) at temperatures close to the temperature of vaporization or gaps in knowledge concerning aspects of keyhole shape, or for that matter, general character. The inverse mapping procedure is similar to the direct-problem approach, which is first constructing a model based on one's knowledge and assumptions about the underlying physical processes, inputting into the model system the best available physical constants specifying the material properties, and finally, comparing the results of simulation and experiment. Our inverse-mapping approach adjusts portions of the keyhole surface according to physically consistent mappings of experimental information concerning the shape of the solidification boundary.
Physical Model of Deep-Penetration Welding of 304 Stainless Steel
The where j = l, 2, 3 denotes the Cartesian coordinates x, y, and z, respectively. The remaining quantities are defined as follows. The quantity U = (Up U 2, U3) = (u, v, w) is the velocity field at a given point, and x = (x 1, x 2, x3) = (x, y, z) is the Cartesian coordinate of that point. The quantity V B is the speed of the beam moving in the direction of increasing x, and ~3ij is the Kronecker delta function. The quantity P is the pressure at a given point, and T is the temperature. The temperature-dependent density p(73 is (Ref 5):
